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Detailed hlsde-eknent-performance plots for a high-flow transonic
inlet rotor have shown low losses at speeds up to 11 percent above design.
Although the blade elements were set at angles of attack larger than the
low-speed cascade design angles, the minimum losses occurred at still
lsrger angles of attack. At 21 percent above design’speed severe sepa-
ration was noted near the tip where relative Mach numbers are of the
order of 1.2. For all elements exclusive of the one nearest the tip
the range of msximum values of static-pressure-risecoefficient for which
minimum losses are low is quite narrow (from 0.45 to 0.48). me bw-
speed cascsde data are fairly effective in the estimation of design
turning angles at relative inlet Mach numbers as high as 1.06 for the
main portion of the annulus which is free of flow separation and three-
dimensional flow effects. A comparison between design snd measured flow
conditions indicates that better design control is desirable.

An examination of data for several other transonic rotors”.inthe tip
region indicates that for solidifies frcm 0.78 to 1.3G and relative inlet .
Mach numbers near 1.0, the rsnge of values of limiting static-pressure-
rise coefficient is from 0.37 to 0.43. At a solidity of 0.66 the limiting,
value of static-pressure-risecoefficient at which losses increase rapidly
is 0.315. Therefore, it appesrs desirable to avoid solidifies much less
than 0.75.

The shock-wave patterns in the tip region are shown by means of the
shadowgraph technique.

. _—___ ---— —— —___ .—.



2 NACA RM L56K23

INIRODUCTZ2N

Detailed survey data have been obtained for the high-flow transonic
inlet rotor whose overall performance characteristicswere reported in
reference 1. The purpose of the present paper is to present md analyze
the blade-elalent performance of this rotor. The analysis includes the

effects of Mach nherj bme 1O-J ~d ~gle of att~k on el~ent
performance. Wo included are blade-loading data for several other
transonic rotors.
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total temperature,
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rise, T2 - Tl, %

ft/sec

weight flow, Ib/sec

angle of attack, sngle between relative flow direction 8m.d
blade chord, deg

difference between selected.singleof attack and low-spe~
-design angle of attack, ~ - ~, deg

flow angle (between flow direction and sxial direction), deg

ratio of inlet total pressure to WA standard sea-level total
pressure of 2116.22 M/EIq ft

ratio of specific heats

efficiency based on mcmentum

ratio of inlet total temperature to WA stsndaziisea-lael
temperature of 518.68$0 R

flow turning angle, Pm - ~=y deg

static density, slugs/cu ft

solidity

total pressure loss coefficient, ‘lR - ‘x

(p - P)~

Subscripts:

A air

a sxial

d desi~

F Freon
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h hub

isen isentropic

min minimum

R relative to rotor blade

s selected

e tangential

t tip

1 upstream of rotor

2 downstream of rotor

ROTOR DESIGN CONDITIONS

The rotor design conditions in air are as follows:

Specific weight flow, we/Afj lb/sec/sqft . . . . . . . . . . . . 37.5

Mass-weighted total-pressure ratio, P2/Z’1. . . . . . . . . . . . 1.293

Tipspe&l,Ut,ft/sec. . . . . . . . . . . . . . . . . . . . . . 972

Inlet axialMachnumber, ~l . . . . . . . . . . . . . . . ...0.628

hlethub-tip ratio, rh@tl . . . . . . . . . . . . . . . . . . 0.35

Outlet hub-tip ratio, rW/rt2 . . . . . . . . . . . . . . . . . . 0.45

Tip radius, rt1=rt2, ft . . . . . . . . . . . . . . . . . . . . O.~0

The veloci~<iagrsm data are presented in figure 1.

TEST PROCEDURE AND DATA REDUCTION

Test Procedure

The tests presented in this paper were made in a Freon atmosphere
in the 3)000-hp compressor test stand at four speeds of 0.8~d, l.OONd)

l.11%, and 1.21N~ and a range of throttle settings frcnnmaximum flow to

near surge. All speeds were corrected to standsrd tanperature by multi-

PW@ by @ where 0 is the ratio of inlet total temperature to NACA
standard sea-level temperature.
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Data Reduction

The rotor design procedure, instrumentation,and data reduction have
reported in reference 1.

Surveys were made with a prism-_Qpe probe 1.5 inches upstresm of the
rotor at several weight flmm. These surveys indicated a small smount
of swirl (fig. 2), mostly at the tip, in the direction of rotation. AlEo,
a slight gradient in static pressure was measured. All data presented
herein have been recmnputd frcdnreference 1 data by using measured inlet
swirl. As a result, bl.ade-eknent efficiency ~ is computed from the

following equation:

where

These efficiencieswere mass weightd to obtain werall efficiencies.

RESULTS AND DISCUSSION

A motion-picture film suppknent has been prepared in connection
with the results discussed in the appendix and is available on loan. A
request card form and a description of the film will be found at the
back of this paper.

Overall Performance

The overall mass-weighted perfo~ce data are presented for the
four speeds of 0.8~, 1.00Nd, l.llNd, and 1.2% in figure 3. The dotted

curves represent the mcmkntum efficiency ~, neglecting the inlet swirl

as presented in reference 1. The efficiencieswith inlet swirl included
are approximately 3 percent higher than those without. The peak effi-
ciency at 0.8~ iS approximately 0.93; at l.ooNd, 0.96; at l.~dj 0.91;

and at 1.2~d, 0.87.

.—— —... —. —.-— —.
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Blade-El@nent Performance

Description of a blade element.- The upstream annulus just ahead
of the rotor was ditided radially into lo equal areas. Each of these
10 equal areas was divided into two equal areas, thus locating what is
called an llequal-sreacenter.11 The downstream annuluE was treated in
a similar manner, with the 10 downstream equal-area centers being located.
Blade elements as used in this paper are those sections of the blade
which Me on a conical surface connecting an upstream equal-area center
with the corresponding downstream equal-area center. Figure 4 summarizes
the equal-area-centercalculated values. !lhecomputations of almost all
blade-element characteristicswere made for the 10 bkde elements pre-
viously mentioned, but only five are used in the element plots of figure 5.
These five elements are designated a, b, c, d, and e in figure 4.

Blade-elaent-perf ormance parameters.- The flow turning angle 60,
the total-pressure loss G5,and the momentum efficiency ~ are presented

as three standard parameters for indicating blade-elanent performance.
The effect of blade loading on the element performance is shown by
including the parameters diffusion factor D and static-pressure-rise

coefficient ~. The relative inlet Mach number Mm and the
(p - P)~

axial veloci~ ratio V~/V~ are included as parameters of interest in

analyzing element losses. The total pressure ratio P#~ is

presented.

The blade-element plots show the variation of each of the

mentiond parameters G, ~, D,
(P % )m’ ‘lFt> ‘a2~alJ

P2/Tl with angle of attack u for five blade elaents, a, b,

and e (figs. 5(a), 5(b), 5(c), 5(d), and 5(e), respectively).

also

afore-

eo, aud

C, d,

Total-pressure loss.- At 0.81Nd and I.ool?dthe

losses at all elamrts are in the low range of O.ti
losses at l.~d are dSO bw with the exception of

most element, e, which has a minimum loss of 0.14.

minimum total-pressure

or less. The minimum
the loss at the tip-

!he maximum relative
inlet Mach n&iber associated with these low-loss coefficients is 1.04.
At 1.21Nd the increasd loss region extends inward to element d. At this

speed the mininmm loss at ek.nent d is 0.10 and at element e is 0.25 and
indicates a severe separation at the tip with accompanyingMach numbers
at the two elements ranging frm 1.08 to 1.22. Shadowgraphs of the
shock-wave patterns in the tip region are discussed in the appendix.
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The tendency for the minimum loss in a transonic rotor to occur at
a higher angle of attack than in a low-speed rotor or in low-speel cascade
was anticipat~ in the design of this rotor and lower-cambered sections
at higher angles of attack were used.. (See ref. 2.) ‘Iheseangles of
attack, chosen to fulfill the design vector diagrsms, are call~ selected
angles of attack and are indicatd by an arrow on each elment plot in
figure 5. The difference between the select~ singleof attack and the
low-speed cascade design angle of attack (ref. 3) is indicated on each
elment plot by &f. The value of &t is based on the inlet flow
angle of the design velocity diagrsmwhereaa the value of A indicated
in figure 4 of reference 1 is based on the inlet flow angle correctd
to mean axialveloci~. The h’ vsries fran 1.3° at element a to 2.70
at elment e.

The angle of attack for minimm loss appears to be 3° to 4° larger
than the selected angle of attack at element a, the element nearest the
hub. ‘l!hisdifference between the minimum-loss angle of attack and the
selected angle of attack beccanesless for the elements nearer the tip
and at elaent e is approximately 0° to 1°. ‘I!hereis also a tendency,
particularly noticeable at the more outbo- elements, for the minimum-
10SS angle of attack to increase slightly as the sped. is increased from
l.oo~dto 1.2%.

‘J%evalues given in the two preceding paragraphs indicate that the
mimlmum loss at element a occurs at an angle approximately4.3° to 5.30
larger than the low-speed cascade design angle of attack, and at element e,
the difference is approximately 2.7’Oto 3.70. It would seem, therefore,
that the elements might well have been set at even lsrger angles of attack,
especially at the hub section.

The low-loss angle-of-attackrmge at l.(X)Mdis appro-tely 5° at

all elements. At 0.811?dthe range would have been greater thsa 5°, but

it was restrictti on the low-angle-of-attackend by the test-facili~ flow
resistance. The range at 1.1% is approximately 4° at all elments

except elamnt e where separation has increased losses at all angles of
attack. The rmge at 1.21Nd is decreased to approximately 3°, and almost

all of the decrease occurs at the lower angles of attack.

Efficiencies.- The peak blade-element-mamentum efficiencies are 0.90
or more at all speeds and all blade elements except near the blsde tip
at 1.1% and 1.2%. The only peak element efficiency at l.lllidwhich

is less than 0.90 is at elaent e md is approximatel----0.83. At the
highest speed, 1.2%,

and e where the values

—..

the peak ~ is le;i than 0.9b at elements d’

are 0.87 and 0.69, respectively.

_.— .— -..—— ----
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Turning angle Elo. - The turning angles were obtained from the surveys

made at approximately 1.5 inches upstresm and downstream of the rotor in
constsnt-area smnuli in conjunctionwith rotational speeds. (See fig. 6(b),
ref. 1.) It was assumed that the radial cmuponent of veloci~ was zero
for each blade element. For the slope of the hub of this rotor, the influ-
ence of neglecting radial veloci~ should be only a few tenths of a degree
in turning sngle at the more inboard el~ents where the effect is greatest.
The design turning sngles sre the turning sngles reqylred to fulfill the
design vector di.aggwmsand are indicated on the sngle-of-attack-turning-
angle curve of each elementby a cross (-l-)mark (fig. 5).

The turning angle at element e is 1.5° less than the design value
at 0.8u?d and I_.OONa. At the higher speeds of 1.11% @ 1.2~d the

turning singledecreased quite rapidly because of flow separation in the
tip region. Only the data for 1.21Nd showed a drop in turning angle at
the next more inboard elanent d. The turning-angle data for other speeds
at eknent d and all the speeds at elemats b @ c showed no apparent
effect of Mach number for inlet relative Mach_ers up to I_.06. Ele-
ments b, c, and d produced turning angles which were from 1.OO to 1..6°
larger then the design turning .angleat the selected angle of attack.

At element a, the element nearest the hub, the curve of turning angle
against angle of attack has a steeper slope than the curves at the other
elaents. This rapid decrease in turning angle at the lower angles of
attack can be attributd to increasei separation due to incipient choking.
The decrease in relative inlet angle and tncrease in relative inlet Mach
number which acccmpany
which tend to worsen a
at the lower angles of
of approdmately 5° at
for the lower turnings

the decrease in angle of attack me both effects
choking-@pe condition. This increased separation
attack is probably the cause of the underturning
the desi~ point. There is no apparent explanation
(of the order of 30) measur~ at 0.81_Nd.

Radial variation of
(P :P)m - D

.- For all test speeds the

diffusion factor D for al.lblade elements excludiruzthe tipmost ele-
ment e falM in a range between 0.26 and 0.58 which ~s below-the Limit
value prescribai for low loss in reference 4. (Ref. 4 indicates that in
order to achieve a low loss, 6S-series and circular-arcblade sections
should be operated at values of D below 0.45 in the tip region and less
than 0.60 along the rest of the blade.)

At element e, (fig. 5(e)) the values of D are somewhat higher than
at the more tiboard elements and range fram approximately 0.35 to 0.73.
At the two higher speeds, where the values of D exceed the limiting
Wlue of 0.45, the losses are high and the efficiencies low. However,
at l.OONd values of D as high as O.% were measured with an element

.
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efficiency of 0.90 and a total-pressure-losscoefficient of 0.08. The
minimum loss value of D at this speed is 0.43 with a corresponding
efficiency of approximately 0.98.

The curves of static-pressure-risecoefficient against angle of
attack are very similar in shape between all elanents and speeds with
values ranging frmn 0.20 to 0.50. The significance of the pressure-rise
coefficient is in more detail in a subsequent paragraph.

ti order to examine more closely the effect of blade loading as

indicated by
(p :P)m

and D on minimum total-pressure-losscoeffi-

cient ~nj data frcnnfigure 5 have be~ rePlott~. The values of

smd D &al in this plot are those associated with midmum
(p :P)m

loss coefficient for each element at each speed. Figure 6(a) is a plot
of minhum total-pressure-losscoefficient w against D. It canbe

seen that at a D value of approximately 0.53 the loss increasd very
rapidly at elements c and d while the more inboard elanents did not reach
the level of D where loss increased rapidly. At the outboti el~ent e
the rapid increase in loss occurred at a higher level of D; that is,
something of the order of 0.58. At the blade tip, as separation occurs,
there is a tendency for D to increase because of the influence of

v~~al w~ch decre=es markedly.

Figure 6(b) presents the variation of minimum total-pressure-loss
coefficient ~ with static-pressure-risecoefficient. The more out-

board three elaents all reachd amaximwn value of
(p :P)m

and then

showed a decrease with increasing inlet Mach number. This maximum value

‘f (P :P)m
was 0.43 at element e and increased

ment d. At elements b smd c the maximum value was
most inboard element a the maximum value was 0.45.

the tipmost element e, the range of maximum values

to about 0.46 at ele-

about 0.48, w at the
To S~ ize, excluding

‘f (p :P)m -

narrow (from 0.45 to 0.48). The corresponding inlet relative Mach numbers
were as high as 1.03. Since for most transonic rotors it is the tip
region which first exhibits flow separation, it appears that the deter-
mination of a tip-region loading limit is highly desirable. The flow in
the tip region is complicatedby tip-clesrance effects, by centrifuged
blsiiebound~ layer piling up, and, for most transonic applJ_cations,by
the highest inlet relative Mach numbers. Therefore, it is not surprising

—— —. — ——— . _--_——._
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4loss increa8ed at a lower ,. , than
(r - P)~

did the other elements. The loss coefficient increas~ qtite rapidly

‘ha (~ 2P )m
reached 0.43 and the inlet relative Mach number was

approximately 1.01.

It is beM.eved that working levels of
(p - P)~

can be established

by comparing the klmiting values for this rotor with that of other tran-
sonic rotors. A working level thus establ-ishedwould be applicable to
other rotors similar to those used to establish the value. Then any rotor
which either failed to reach this level or ~eatly exceedwl it could be
studied in detail to determine the reasons for the performance obtained.

Comparison of tip
(P ?P)m

and D for several transonic rotors.-

Several other transonic rotors have been examined to determine their tip

region limiting
* ‘alues”

The results are presented in fig-

ure 7(a) which is a plot of the minimwn total-pressure-losscoefficients

at several rotational speeds against
*“

The data from refer-

ences 6 and 7 represent a blade element located 12.7 percent of the blsde
height from the tip and from reference ~, a blade element located
16.5 percent of the blade height from the tip. The data given from the
subject rotor represent an element 10.8 percent of the blsde height from
the tip. The relative inlet Mach numbers associated with the data for
the rotors frm references 5, 6, and 7 are approximately 1.1 for the
highest ~ of each rotor. The double-circular-arcblading tested at

the three solilities of 0.66, 0.88, and 1.04 (refs. 6 and 7) showed a

systematic increase in the maxbnLIMvalue of
(~ :P)m

with SO~di_&y,

although the values for the solidifies of 0.88 and 1.04 differed very
13.ttle(frcm 0.37to 0.40). No large increase in maximum value of

4
7- \ was noted for the data for u = 1.32 (ref. 5); however, only
\Jt - P)~

two speeds were presented for this rotor, and

speeds might indicate a higher

for the rotor presented in the

somewhat higher Umiting value

Mniting value

current report

‘f (P?P)m

test results for sane luwer

‘f (p ?P)m”
The results

(a = 0.78) indicat~ a

(0.43) than that of the
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double-circular-arcblsde of comparable solidib. Hence, the results
presented in figure 7(a) indicate that nesr the tip for a values frcim
0.78 to 1.32 and relative inlet Mach numbers near 1.0, the range of

‘tiw (p ?p)mvalues is from

0.66 did show high loss at a lower

it appesrs to be desirable to avoid

o.37to 0.43. The data for a of

4
(p - P)*

level of 0.315. Therefore,

solidifies below 0.75 in the tip.-
region. Also, these results indicate that for Mach numbers near 1.1

values of
(p ~P)m

greater than 0.37 to 0.43 imariably prcducd flow

separation for the rotors exsmimd.

The values of D associated with the data of figure 7(a) are pre-
sent~ in figure 7(b). The band of data obtain~ frmn a lsrge number of
conventional rotors and stators in reference 4 is indicatel on this plot
by dashed lines. Almost all the test points fall within this band; how-
ever, the curves show a rapid increase in minhum loss at widely different
values of D.

The establishment of a limit parsmeter capable of properly accounting
for the flow phenomena in a compressor would require: (1) a detailed
analysis of extensive blade-elment pressure+istribution data for wide
ranges of transonic cascade cotiitio~~ ~d (2) a meth~ of est~t~
the surface pressure distributions at trarmonic speeds. Since these data
are not available and accurate methcds of estibnatingsurface pressure
distributions for conditions at transon.icspeeds are not available, the
alternative in attmpting to establish a design loading-lJmit rule is to
use gross-llmit parameters which can be determined without Iamwledge of
the blade-elment pressure distributions. The inadequacy of such param-
eters will be reflectd by different limit leve~ as they fail to effec-
tively account for the flow taking place in the blsding.

Presentation of Radial Vsriation of Several

Blade-Element Parameters

me r~ialvsriations h ME, ~, (gP2V~)F> p2/pIy p2/pIJ

‘M for all test points presented in this paper are presented in

figures 8 to 13. M~ of these data were previously discussed in the
blade-elenent section. The data are presentd in more detailed form here
to facilitate the use of the results for additional analysis. Each figure
represents one of the preceding psnmeters snd has four plots which pre-
sent the four sPe~s~ 0.81-Nd~1.00Nd~ l“l~d~ ~ l“2~d” b order to
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make the plots more readable, the vertical scale is shifted upward one
grid unit for each successive throttle position. The ccmrpletescale is
for the lowest curve, which represents the open-throttle or high-flow
cotiition. Each succeeding curve represents a lower weight flow condition
with the top curve representing the nesr-surge condition. It might be
pointed out that the (gP2V.-& values plotted in figure 10 are measured

values for test conditions having upstresm stagnation pressures of approx-
imately 20 inches of mercury.

Comparison Between Design and Measurd Rotor Performance

Iu order to evaluate the degree of desi~ control that existed for
this rotor, a cmupsrison between design and measured rotor performance
was msde. !t’heoriginal rotor design was comput~ for air (ref. 8, appen-
dix A); however, aa stated previously, the test data were obtained in a
Freon atmosphere. Since the pressure ratios are different for the ssme
turning angle in Freon and in air (ref. 1), it was necessary to calculate
the Freon design values that correspond to the original air design values.
This calculation was done by assuming that Freon and air design inlet
Mach numbers, relative inlet air angles, turning angles and efficiencies

(
dp v~2

)
were the same smd by satisfying shnple radial equilibrium ~ = p ~

and continui~. The design values shown as dashed lines ~ figures lb(a)
to 14(h) were obtaind from this computation. The test data presented
in these plots are for three weight flows at design speed: (1) the maxi-
mum weight flow of 54.6 lb/see, which is very near design weight flow
of 55.0 lb/see, (2) the peak efficiency weight flow of 51.8 lb/see, and
(3) the ne~-surge weight flow Of 47.9 l-b/see. The effects of nonconstant
inlet static pressure and inlet swirl on entering conditions may be
observed by ccmparing the inlet conditions determined frmn test results
at 54.6 lb/see with the design values (figs. lb(a) snd 14(b)). Mach n~-
bers were only s~ghtly lower than the design values. Relative inlet
angles agre~ quite well with design frcm the hub to the mesm but decreased
from the mean to the tip, where the measured angle was approximately 2.0°
below the design value.

~ule eo.- A comparison between measured and design turning

angles e. is present~ in figure 14(c). In the middle portion of the -
annulus, the agreaent was god (within 0.90). The turning angles near
the tip and hub were considerablybelow the design values. It should
be pointed out, however, that at design flow (55.0 lb/see) efficiency
decreaaed quite rapidly in the tip region (fig. 14(d)); hence, the lower
turning angles in the tip region were caused, in part, by flow separation
as well as the lower-than~esign inlet angle indicated in figure 14(b).
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Outlet flow angle, p2.- The outlet flow

13

angles $2 on stationqf

coordinates are present~ in figure 14(e). The measur~ angles at the
near-design flow of %.6 lb/see are several degrees less than the design
values except near the tip. This result is a consequence of the weight
flow distribution gp2Vw which is presentd in figure 14(f). The tip-

region flow separation has resulted in a greater level of gp2VW for

the more inboard portion of the rotor. me (gP2V~)F values plotted

in figure 14(f) sre corrected to standsrd conditions of pressure and
temperature. This inwsrd shift of weight flow is also noticeable in the
plOt Of Va2/Val, figure 14(g).

Total pressure ratio P2/Pl.- The variation in total pressure

ratio P@l is presentd in figure 14(h). The lower-than-designturning

angles in the hub and tip regions in conjunctionwith the lower tip-region
efficiencies (fig. 14(d)) and the higher @al-velocity ratios at the hub
account for the lower-thsm+esign total pressure ratio at the hub and tip
for the near~esign weight flow of *.6 lb/see. At the two lower weight
flows, the pressure ratios do not decrease as rapidly near the tip as in
the high-flow case.

(p ~P)m
and D.- A comparison between design and measurd values

4
of losding parameters D md

(p - P)~
ia presented in figure 14(i).

The measured data represent only the near-design weight flow of 54.6 lb/see.
The values of D are less than design all along the blade height, with

the msximum difference occurring near the hub. The
(p :P)m

values

agree fairly well with design; however, the slope of the test values is
different from design, with lower-than-designvalues in the hub region
sad higher-than-designvalues in the tip region. ‘5s departure frcnnthe
design values is partially caused by the axial veloci~ ratios which are
higher than design at the hub and lower than design at the tip.

Design control conclusions.- The prime purpose of presenting this
comparison is to point out to what extent it is possible to predict the
performance of a rotor designed for an exploratory study at rather extreme
conditions when using availnble design data. It appeaxs.that although
the low-sped cascade data were quite effective in estimating turnbg
angles over much of the blade, design control as f= as 132~ v~flal>

p2/% “ ‘d (P ?P)m
prediction could be improved. while part of

. . .. — —— —.———— -.———-——- ——— .——-———. .— —-.—.— —
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this lack of accurate control result@. frmn tip-region separation, it is
obvious that god design should endeavor to avoid separation. Since this
trsnsonic rotor was designed for operation at considerably higher specific
weight flows than previous rotors, as well as a lower soldd.i~ level, it
is not surprising to find the design control to be somewhat deficient in
several respects. The comparison indicates the need for more exact methcds
of estimating efficiencies, turning angles near the blade ends, and the
radial distribution of exit flow at these Mach nuuibersand total-pressure
ratios.

SUMMARY OF REXJETS

A detailel examination of blade-element performance at five radial
locations ranging from 8.3 percent of the blsde height awsy frcm the inner
casing to 10.8 percent away from the outer casing indicated the following:

1. At the design rotor speds of 0.81, 1.00, and l.ll minimum-loss
coefficientswere low for all the blade elements with the exception of
the most outboard element at 1.11 design rotor speed. The msxhum rela-
tive inlet Mach number associated with these low-loss coefficientswas
1.04.

2. The minimum-loss angle of attack occurred at an angle approxi-
mately 3° to 4° larger than the selected angle near the hub and approxi-
mately 0° to 1° larger than the selected angle near the tip. Since the
selected sngles of attack were larger than the low-speed caacade design
angles of attack, it appesred that the minimum loss occurred approdmately
4.3° to 5.3° above low-sped cascade design nesr theh~ and 2.70 to 3.70
above near the tip.

3. The low-loss angle-of-attackrange was appro-tely 5° at all
elements at design speed and appro-tely 4° at all elements except near
the tip at 11 percent above design speed.

4. At 21 percent above design speed severe separation occurrd in the
tip region at all angles of attack tested with the Mach numbers ranging
from 1.08 to 1.22.

5. For all elements exclusive of the tipmost element, the range of
maximum values of the static-pressure-risecoefficient for which minimum
losses were low was quite narrow and rangd from 0.45 to 0.48. me corre-
sponding inlet relative Mach numbers were as high as 1.03.

6. tithe tip region minhum-loss coefficients increasal quite rapidly
when the static-pressure-risecoefficient reachal 0.43 and the relative
inlet Mach number waE above approximately 1.01.
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7. The low-sped cascade data were fqirly effective for the esti-
mation of design turning angles at relative inlet Mach nunibersas high
as 1.06 for the main portion of the annulus which was free of flow sepa-
ration and three-dimensional flow effects.

8. A comparison between desi.~ smd measured flow conditions indicated
that better design control is desirable. Zn order to improve design con-
trol at these Mach numbers sad pressure ratio levels, it willbe necess~
to accurately estimate the radial variation in blade elment efficiency,
flow distribution, and turning angles near the blade ends.

An exsmhation of several other transonic rotors in the tip region
indicated the following:

1. For solidity values of from 0.78 to 1.32 and relative inlet Mach
numbers near 1.0, the rsmge of limiting static-pressure-risecoefficient
values at which loss coefficient ticreasd rapidly was from 0.37 to 0.43.

2. At a solidity of 0.66 the maxhum value of the static-pressure-
rise coefficient at which losses increased rapidly was 0.315. Hence, it
appears desirable to avoid so~dities much less than 0.75.

3. The limiting diffusion factor values showed a rather wide varia-
tion for the several rotors.

Langley Aeronautical Laboratory,
National Advisory Cmmittee for Aeronautics,

Lamgley Field, Vs., November 8, 1956.

.. —.. — —.—. —.— -z..— . — ... ..— —.—
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APPENDIX

NACA RM L56K23

SHADWGIAPHS OF ROTOR IN OPERATION

Shadowgraph photo~aphs of the rotor used were taken through a
window in the outer casing in the plane of the rotor. The shadowgraphs
were taken at three speeds of 1.OONd, 1.~d, and 1.ad throughout the

range of throttle settings. The test setup and procedure are descritid
in detail in reference 9. The shaduwgraphswere taken both as random
still pictures and as motion-picture sequences.

Figure 15 is a typicsl shadowgraph photograph taken h this test
program. In order to clarify interpretation of this photograph, labels
have been attached to the significantparts. The distinct shadow of
the tip section of the blade is clearly seen on the rotor hub which was
painted white for this reason. Also, the shock wave at the leading edge
of the blade may be readily identified. The rotor blade itself appears
fuzzy and out of fecus because the camera was focused on the hub. The
relative positions of the rotor blade and its shadow on the hub place
the light source on the upper right of the picture as well as out from
the page. The front and rear edges of the rotor hub we also easily
identified.

Six more typical shadow~aphs at msximm flow are presented for
three speeds of l.OONd (fig. 16(a)), l.~d (fig. 16(b)), and l.~d

(fig. 16(c)). The two pictures in each of the three parts of this fig-
m show the same shock system and differ in only the position of the
rotor blade. It becomes apparent from sn examination of these photo-
graphs that because the area of the hub is small for this 0.35 hub-tip
ratio rotor, it is pos~ible to capture only a portion of the shock sys-
tem existing at a given rotor running condition (i.e., speed snd flow
rate) in a single photograph. Therefore, in order to obtain a complete
picture of the shock system it is necessary to take many photographs
with the blade “stopped” in different positions. &cause these shadow-
graphs sre presented as ssmples and show only a portion of the shock
waves, discussion of the shock systems is not given until the discussion
of figure 17. However, it should be pointed out that the dark lines
across the passage in the plane of rotation in both pictures of psrt (a)
for 1.OONd are oil and are not to be confused with shock waves. It is

felt that a casing-boundary-~er separationmay cause the oil to form
this definite line in the plane of rotation.

A large number of shaduwgraphswere taken, and in order to sum-
marize them, three cmposite sketches were made. (See fig. 17.) The
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blade sections and the geometry shown in these sketches represent the
tip blade element since almost sX1.the shock waves seen in these shadow-
~aphs are at this radisl location. Par-h (a), (b), ~d (c) of fi~ 17
show the Speeds Of l.ooNd, l.~d, snd 1. ~d, IW3pe CtiVe~. !h2 pOSi-

tion of the shock wave at open throttle or maximm flow condition is
indicated by a solid line. At the nesr-stall condition, the shock wave
is marked by a dashed line. The line marking the end of all of the shock
waves wpstresm of the blades is the extent of the photograph and not
necessarily the end of the shock wave.

At 1. ooNd for the open throttle condition (fig. 17(a)) the shock

wave passes ahead of the leading edge of one blade and stands on the
suction surface of the next blade at approximately the 0.85 chord point.
TIE relative inlet Mach numker at this condition at the blade tip is 1.06
and the section efficiency is 0.67. As the back pressure is increased
by throttling, the shock wave moves forwsrd until, at the nesr-stall.
condition it is standing on the suction surface of the blade at approx5.-
mately the 0.45 chord position. The efficiency has increased to 0.79
and the relative inlet Mach number has decreased to 0.99. (The efficien-
cies and Mach mmibers mentioned herein were measured at the outermost
blade element, element 1, of fig. 4.)

For the msximm flow condition at 1.~d (fig. 17(b)) the bow shock

wave beccmes oblique and for all practical.purposes attaches to the
leading edge of the blade. The shock extends across the passage and
ends on the separated flow s~ghtly downstream of the trailing edge of
the blade. An obliq~ shock emanates from the point of separation (about
the O.85-chord point) and intersects the normal shock. Also an area of
supersonic flow exists on the pressure suzface of the blade at the leading
edge bstween the oblique shock and the normal shock. The tip section
efficiency has dropped to 0.45 and the inlet relative Mach nmnber is 1.17.
At the near-stalJ condition the shock has moved out of the passage and
stands on the suction surface at the O.55-chord location. The section
efficiency is 0.76 and the inlet relative Mach number is 1.12.

The general arrangement of the shock system at the open throttle
condition of the highest speed tested, l.~d (fig. 17(C)) is Sinlilisr

to that Of l.~d (fig. 17(b)). A normal shock spans the passage and

stands on the blade-pressure surface on one side tid op the separated
flow sM@rKLy downstream of the trailing edge on the other side. The
angle of the oblique shock attached to the leading edge is decreased
due to the higher inlet relative Mach number of 1.27, and the region of
supersonic flow on the pressure surface is also larger. The section
efficiency for this condition is 0.35. When the back pressure is
increased
stands at
tive Mach
iS 0.65.

by throttling,
the 0.76-chord
number at this

the shock moves forward out of the passage and
point on the suction surface. The inlet rela-
condition is 1.21 and the section efficiency



NACA RM L56K23

1. savage, Melyyn, and Felix, A. Richsrd: Investigation of a H@-
Performance Hsl-Flow Compressor Transonic Inlet Rotor Designed
for 37.5 Pounds Per Second Per Squsre Foot of l%rontalArea -
Aerodynamic Design and Overall Performance. NACA RM L5%05, 1955.

2. Dunmmt, Jsmes C., wry, Jms C., Wdch, ~ard C.~ ad WestPhaJ-Y
William R.: I@@-speed &scade Tests of the NACA 65-flalo)lo md

NACA 65-(12A@~) 10 Cmpressor Blade Sections. NACA RM L55108, 1955.

3. Felix, A. Richsrd: ~ of 65-Series Compressor-BladeLow-speed
Cascade Data by Use of the Csrpet-Plotting Technique. NACA
~ L$H18a, 1954.

J+.Lieblein, Seymour, Schwenk, Francis C., ad Br*ri*, Robe~ L.:
Diffusion Factor for Est-ting Losses and Limiting Blade Loadings
in Axisl-Flow-Cmpre ssor Blade Elements. NACA BM E531XU, 1953.

5. Ssndercock, Donald M., Lieblein, Seymour, and Schwenk, Frsncis C.:
Experimental Investigation of an Axial-Flow Compressor Inlet Stage
Operating at Transonic Relative Inlet Mach Numbers. IV - Stsge
snd Blade-Row Performance of Stage With A.xbil-DischargeStators.
NACA RM E~26, 1954.

6. Ms, Ceorge W., Jr., =d Schwe~, ~CiS C.: qer~nt~ ~~es-
tigation of a Transonic AxisJ.-Flow-Compressor Rotor With Ibuble-
Circulsr-Arc Airfoil Blade Sections. II - Blade-Element Performance.
NACA RM E54J08, 1955.

7. Schwenk, Francis C., smd Lewis, Ceorge W., Jr.: Experimental hves-
tigation of a !l?ransonicAxial-Flow-Cwrpressor Rotor With tiuble-
Circulsr-Arc Airfoil Blade Sections. III - Comparison of Blade-
Element Performance With Three Levels of Solidity. NACA RM E55F01,
1955.

8. Savage, Melvyn, and Beatty, Lcren A.: A Technique Applicable to the
Aerodynamic Design of hducer-~e Multistage Axial-l?lowCompressors.
NACA TN 2598, 1952.

9. Goldberg, Theodore J., and Sterrett, Jsmes R.: Use of Shadowpyaph
Technique in the AnaJysis of the Performance of Two Supersonic
Axial-Flow Compressor Rotors Operating Over a Mean Radius Relative
Inlet Mach Nider Range of 0.85 to 1.7. NACA FM L56A05, I-956.



NACA RM L56K23 19

E
+t
0.350

.585
.750
.883

1.000

I I

‘44’W ‘~

u,
,

ROOT

VEWCITY-IX2WRAM DATA

0.450 1.250 0.70
.646 1.275 .82
.787 l.~o .93
.902 1.325 1.02

1.000 1.350 1.10

26.7 34.7 0.41 o.~ o.g2 40.3 0.74
40.1 20.3 .47 .41 .92 33.1 .66
47.2 14.2 .44 .38 .94 29.3 .65
51.8 11.g .41 .* .96 27.0 .65
55.2 11.1 .39 .32 .gg 25.6 .66

Figure l.- Velocity-diagrsm design data in air (ref. 1).

—.-.—- -.. . __ ____ _-— ——. .—. —— . ..—. __ __



16

12

8

-4

-8

%F 1 lb/see

033.9
A48. I
054,5

❑ 58.6
—

1

ij ~ ;f

$!$
$’ ‘c ‘v

q @ !’7 A \

): 4

– Wall Wall -J

Direction of rotation

0414 0.18 022 026 0.30 034 0.38 0,42 0.46 0.50

rl ,ft

F@-= .2. - mud Mstibutim of mlrl ahead of the rotor at four
weight flows,



!-0

m

.

‘?M~ “’

.6

16

F& 1.4

P,

1.2
0 G + IJ

1.0
O.a t$

36 40 44 48 44 48 52 56 60

‘eF ,lb/see

~
31 39 41

Figure 3.- Overall

EEEfil
-—---

‘.

* ~

‘o

1.11Nd

48 52 56 60

I I I I 1
?3 35 37 39 41

(we/Af)A , Ib/sec/sqfi

performance cbmmderimtics.

A--Ay--- .,
‘+

E!il1.21 Nd

52 56 60

37 39 41

I



22 IIWCARM L56K23

TIP
———-i–––-t

k

3- ———_—— —
A

.—— -5–-––
~ c
v

/

Equal-area centers
Element Percent blade height (average)

“designation from outer casing
rl> ft r2) ft

1 0.489 0.490
2 .466 .469 e 10.8

.442 .447
: .416 .425 d 26.5

5 .389 .400
6 .360 .375 c 44.2

7 .328 .347
8 .292 .317 b 65.2

9 .252 .284
10 .204 .246 a 91.7

J
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(a) Relative inlet Mach mmber Mm.
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speed.
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A motion-picture film supplement, carrying the S- c~ssification
as the report, is available on loan. Request will be filled in the order
received. YouwilJ- be notified of the approximate date scheduled.

me fih (16mm.,I-2min.,W, silent) shows the test rig and csmera
arrangement. Since the rotor blade moves approximately 0.3° between frames,
about 1~ frames are required to cover a complete passage. E.ecausethe
condenser rechar@ng time of the spark source is about 1 second, a lapse
of approximately 100 to 140 revolutions exists between each pair of frames.
Although the shock waves appear to be moving in these sequences, they are
actually fixed relative to the blade. me first group of film sequences
presents the,open-throttle condition at three rotor speeds, as follows:

Sequence
Percent design met relative Specific weight flw,

speed Mach nuniber lblsec/sq ft

1 100 1.06 37.4
2 ILO 1.17 39.0
3 120 1.27 40.0

The second group of four sequences shows the effect of varying weight flow
from open throttle to near surge at design speed, as follows:

Sequence
Specific weight flow, Tip sagle of attack,

lb/sec/sq ft deg

1 37.4 ‘
2 36.5 1;

34.6 10.5
z 33.0 12.6

NOTE: It wilJ expedite the handling of requests for this classified film
if application for the loan is made by the individual to whom this copy
of the report was issued. ~ line with established policy, classified
material is sent only to previously designated individuals. Your coopera-
tion in this regard willbe appreciated.
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Date

Pleasesend, on loan, copy of film supplement to RML56K23
~

Name of organization

Street number

City and State

Attention:* Mr.

Title

*TO whom copy No. of the RM was issued
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Place
Stsmp
here

Chief, Division of Resesrch Information
Natio&l Adtiso~
1~12 H Street, N.
Washington 25, D.

—. — ————— —

Cmmnittee for Aeronautics
w.
c.
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